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Efficient Collection of 221Fr into a Vapor Cell Magneto-optical Trap
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We have efficiently loaded a vapor cell magneto-optical trap from an orthotropic sourééFof
with a trapping efficiency of 56(10)%. A novel detection scheme allowed us to measure 900 trapped
atoms with a signal to noise ratio ef60 in 1 sec. We have measured the energies and the hyperfine
constants of th@2P,,, and7>P; ), states. [S0031-9007(97)03811-8]

PACS numbers: 32.80.Pj, 32.10.Fn

There has recently been considerable activity in thehe trap volume (region of laser beam overlap) to the cell
field of laser trapping of short-lived radioactive atoms.surface area. To minimize the loss rate from the cell, the
While a wide range of isotopes is being pursued, laseopening through which the radioactive atoms enter the cell
trapping of>'Na [1], 378K [2], 7°Rb [3], and?®210211Fr  must be small enough to minimize the leak rate, and the
[4] atoms has been experimentally realized. Efficient oploss of atoms via adsorption to the glass walls must be sig-
tical trapping is essential for creating large samples of raraificantly reduced. The latter is accomplished by coating
atoms. Such samples are very appealing for tests of thiie glass surfaces with dryfilm coatings made of silicon-
standard model including atomic parity nonconservatiorbased hydrocarbon polymers, which are then “cured” by
(PNC), the electric dipole moment (EDM), amgldecay exposure to alkali vapor [12].

[1]. Francium, which has no long-lived isotopes, is par- The analysis of the capture process differs from that of
ticularly interesting for these tests, because calculationa conventional VCMOT. In a highly efficient VCMOT,
predict PNC amplitudes and EDM enhancements to b¢he number of atoms in the vapor and the number of atoms
10 times larger in Fr than Cs [5,6]. In this Letter we in the trap are so strongly coupled that the vapor density
demonstrate efficient trapping 6f'Fr. The general ap- cannot be considered constant. The time evolution of
proach should work as well with any alkali isotope, andsuch a coupled system &f, atoms in the trap andv,
should make tests of the standard model possible in rar@oms in the vapor depends on three raleshe loading
trapped atoms. rate of atoms from the vapor to the tra@; the loss rate

Various technigues have been developed to colleobf atoms from the trap to the vapor due to collisions with
atoms into traps [7], but since short-lived radioactivevapor atoms; an®v, the loss rate of atoms from the vapor
atoms are available only in limited quantities, improvingto the cell walls or out of the cell. In the case where a
the optical trap collection efficiency is a central issue.constant flux,/, of atoms enter the cell, the dependence
The highest efficiency yet demonstrated used a vapor cetlan be described by two coupled differential equations:
magneto-optical trap (VCMOT) [8] in a glass cell coated

with dryfilm. Using coated cells, Stepheasal. [9] and AN, = —CN; + LN, ,
Guckertet al.[10] have demonstrated, respectively, 6% dt
and 20% collection efficiencies of stable cesium. Similar d(N,)

techniqgues have been applied to trapping radioactive ar CNy = LN, = WN, + 1.

K, Rb, and Fr atoms [2-4], but with far lower rap the (ime evolution of the number of trapped atoms
efficiencies. We have created a highly efficient (56%)|10ws a double-exponential function
221Fr VCMOT in a coated cell and used it in spectroscopic '
measurements o' Fr. LI

A conventional VCMOT [8] traps a very small frac- wC’
tion of the available atoms. To obtain high collectionherek, + k, = L + C + W andk ky = WC. N,(t =

efficiency, one must raise the collection rate and Iowero; and N, (¢ = 0) fully determinea; anda,. We define

the vapor loss rate. _The dependence and optimization @fap efficiency @) as the probability of trapping an atom
collection rate on various trap parameters has been previhat has entered the cell [13],

ously investigated [11]. To have a high collection rate,
a trap should have large, high-power laser beams. The n = L - CN; .
trapping cell should be designed to maximize the ratio of (L+W) (CN, +1)

N:(t) = aje M + aye ® +
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The??!'Fr nuclei are produced in the decay chain maintaining a Rb vapor in the cell at ab@ut 10”7 Torr
229 - a 25 _ for 10 h. The Fr atoms from the oven entered the cell
Thiziy2 = 7300 y) ; Ran, =15d) through a 2 mm diameter hole at a lower edge of the cell.
- 225AC(Il/z =10d) Over several days, the coating performance deteriorated,
@ 221 _ . reducing the number of trapped Fr atoms by a factor
Fi(ri2 = 4.9 min). of 3. This damage to the coatings could be attributed
In order to produce a portablé*'Fr source with short- to heat or material evaporating from the oven, and was
lived radioactivity,?>Ac was first extracted out of a long- repaired by providing a continuous, low level curing with
lived 2°Th sample, and deposited onto a small piece of-1 x 10~8 Torr of rubidium in the cell.
platinum using one of two methods. Results reported Up to 1 W of light from a Ti:sapphire ring laser was
here were obtained from a sample BfAc chemically tuned to theD, line of Fr at 718 nm for trapping. The laser
extracted from a**Th solution [14] and electroplated frequency was locked to the side of a Doppler-broadened
onto a Pt ribbon. In our preliminary measurements, wer, absorption peak [16] that conveniently covered the
used??’Ac implanted onto Pt via electrostatic collection frequency of the7S, ), F = 3 — 7P3),, F = 4 cycling
[15]. The Pt ribbon was then placed in the cavity oftransition (Fig. 2). In addition, an SDL 100 mW diode
an orthotropic oven [15] wheré*'Fr daughters were |aserat817 nm was tuned to the line to pump atoms out
continuously produced and distilled into a coIIimatedofthe751/2,F = 2 state. The frequency of the diode laser
atomic beam. At the beginning of the experiment, theyas tuned to th@S,,,, F = 2 — 7Py, F = 3 transition
oven was loaded witl50 uCi ***Ac, which produced and locked to a Fabry-Perot cavity, which was in turn
2 X 10°s7! of 2!Fr. The full divergence angle of the actively stabilized to the rubidium, line.
atomic beam was measured to be 180 mrad. By counting We assessed the performance of the wall coatings and
the « particles from the decay of thé'Fr, we measured found the correct laser frequencies by observing fluores-
an atomic*'Fr flux of 3.8 X 10* s™!, or about 2% of the  cence from the room-temperature Fr vapor. We used an
22'Fr atom production rate inside the oven. Thirty daysoptical-optical double resonance technique to separate the
later, at the end of the experiment, tHé'Fr flux was  fluorescence from light scattered off the cell walls. For
5.1 X 10° s7, reflecting a decrease matching the naturathis technique, a beam from the Ti:sapphire laser was sent
decay of"*Ac. through the center of the cell, while its frequency scanned
A schematic of the apparatus is shown in Fig. 1. Bothover one Doppler width (300 MHz) about th8, )y, F =
the francium oven and the vapor cell were situated insidg — 7P32, F = 4 cycling transition. A 60 mW beam
a chamber where the vacuum was maintaine &  from the 817 nm diode laser, chopped at 100 Hz, co-
10~8 Torr even when the oven was heated to the operatingropagated and overlapped the Ti:sapphire beam through
temperature of 105TC. The cell was a quartz glass cube the cell. The diode laser frequency was tuned close to the
(4.4 cm inside dimension) whose top lid could be openecbsl/z, F =2 — 7Py, F = 3 transition to pump atoms
and closed via a mechanical feedthrough. Following thgrom the 78172, F =2 to the 78,5, F = 3 state. The
recipe developed by Stephees al.[12], the cell walls  population of the7S,,,, F = 3 state was therefore fully
were coated with a short-chain dryfilm called SC-77 (Silarmodulated for the group of atoms in resonance with both
Laboratories), and then cured by opening the cell lid andaser beams. Because this was a narrow velocity group,

the resulting resonance feature was sub-Doppler (50 MHz
Open
( Trap beams

Fef—r——
| 3_][——' 58 MHz
5 I 316MHz  7P3/;
718 nm pump ¥ l340 MHz
—— > ® << Trap | 7p F=3
L Pump 1/2/- 2433 MHz )
/ Fr atoms 3 Repump
/ 18.6GHz _—" 7S,,,
/ 2
<
Cube cell FIG. 2. The atomic level diagram o'Fr. In our *'Fr
“ trap, the trap laser (718 nm) was tuned +30 MHz below
Oven the 7812, F =3 — 7P5;, F = 4 cycling transition, and the

repump laser (817 nm) was tuned to % ,,, F = 2 — 7P,
FIG. 1. A diagram of thé*'Fr trap setup. Both the oven and F = 3 transition. To detect the trapped atoms, a 718 nm
the cell were situated inside a vacuum chamber with 10 cnpump beam (2 mm diametei) mW/cn?), tuned to the7s, s,
diameter windows. The same oven and cell assembly was usdd = 3 — 7P/, F = 3 transition, was chopped to modulate
for the 2! Fr vapor fluorescence measurements. the 817 nm fluorescence from the trap.
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FWHM). The resulting modulated fluorescence at 718 nm
generated near the center of the cell was imaged onto a
low noise photodiode through a 718 nm interference filter
and demodulated with a lock-in amplifier. Thus we were
capable of detecting as few as 600 atoms in the entire
cell, or equivalently 1 Fr atom in resonance in the view-
ing region, with a signal to noise ratio (SNR) of+/s.
By monitoring the exponential buildup of the number af-
ter the cell lid was closed, we determined the loss rate of 0 1 2 3 4
Fr atoms from the vapor (W) to be59(9) s™!, and a con- Time(sec)
stant flux of2.3 X 10° s~! Fr atoms entering the cell. _

We then trapped the Fr atoms in a VCMOT usingF!G: 3. The number of atoms loaded into BlFr trap

- . ys time. In a trap with a high collection efficiency, the
4 cm diameter laser beams. These beams prowdedasﬁ@admg signal is expected to be a double-exponential

beam-total intensity of up t610 mW/cn?* inthe cell. In fynction. Because the signal was filtered by a low-pass
addition, a 60 mW, 4 cm diameter beam from the diodenetwork with a time constant = 100 ms, it was fitted with
laser at 817 nm was sent through the cell four times alonghe  function  5[1 — exp(—kit)] + ba[1 — exp(—k,t)] —
two normal axes of the cube cell. A set of anti-Helmholtz7[151 + bak:][1 — exp(—#/7)]. The best fitting results were

. . : | =4.8(1.0) s! and k, = 0.57(23) s”'. Combining these
coils generated the MOT quadrupole field gradient o rates with the measured result that on average a Fr atom stayed

~7 G/cm. ' ] in the vapor forl/W = 0.63(4) s, we derived that, on average,
The laser light scattered from the six cell walls madea Fr atom stayed in the trap fayC = 0.58(27) s and it takes

detection of the 718 nm fluorescence from the trapped/L = 0.48(19) s to load a Fr atom from the vapor into the
Fr atoms impossible. Instead, to further avoid scatirap. These rates are consistent with those found in Rb traps,
tered light and thereby increase our sensitivity, we jm.2nd imply a trap efficiency oL/(L + W) = 56(10)%.
aged the 817 nm repump fluorescence from the trapped
atoms onto a photodetector. This light was observedhe hyperfine splittings of thdP3,, and 7P, levels.
through a cell window not illuminated by any repump We observed the individual hyperfine transitions by scan-
beams and through a 817 nm bandpass interference filtering the 718 nm laser, while the 817 nm diode laser was
The 817 nm fluorescence was modulated using a smalket (to either thedF =2 - F/ =3 0orF =2 —F' =2
frequency-shifted 718 nm pump beam that was choppetfansition) to select one velocity group of atoms. We
and retroreflected through the trap center (see Fig. 1pbtained the splittings by measuring the frequency dif-
This beam increased the fractional population infig,,  ferences between each hyperfine line (Table Il) using a
F = 2 state to 70% without affecting the trap loading high-resolutionA meter [17]. By checking against known
rate. This detection scheme allowed us to detect as few aplittings and wavelengths in rubidium, we found the ac-
15 trapped Fr atoms with a SNR ©f /s in the presence curacy of theA meter to be 3 MHz or less when mea-
of large amounts of scattered light. The trap contained asuring small differences, but 50 MHz when measuring
estimated 900 atoms, but this is a lower limit assumingabsolute frequency. This is because uncertainties in the
that both the 718 nm pump and the repump lasers wertefractive index of air and laser beam alignment are
tuned to resonance. This trapped atom sample could Hargely canceled in a frequency difference measurement.
maintained for many hours. Using the trapped atoms as a frequency reference, we
Figure 3 shows a trap loading curve fitted to the doublehave measured the wave numbers of the and D,
exponential function predicted by our model. The fittransitions of*'Fr (Table Il). While the wave number of
gives the trap rate constants, from which we calculate théhe D; transition measured here is in agreement with the
trapping efficiency to ben = L/(L + W) = 56(10)%.  number measured by the ISOLDE Collaboration [18], our
As a check,p = CN,;/(CN, + I) gives a lower limit of value of theD, transition is lower by 3rsrp. As a check
30% assuming the repump laser is tuned to resonance, baib our calibration, we measured the wave number of the
can be as high as 50% when plausible detunings are as-

sumed in calculatingV,. The atomic fluxes at various TABLE |. Various rates, fluxes, and efficiencies on Dec. 17—

stages Of the experiment are listed .in Table 1, ;howing 48, when the source strength wasuCi. Total efficiency
total efficiency of 0.4% from production to trapping. En- js 0.4%.

gineering improvements in the oven and in the coupling

30

Number (a. u.)

into the cell would significantly improve the total effi- Stage Fr Flux(s"))  Efficiency

ciency. An orthotropic source has operated with a 15%(1)  Produced in oven 3.3 X 10°

efficiency, and 50% (limited by diffusion of Fr into the (gg EX'tt Ove“ 2; >>: igi 3%‘(? 0; ((3
; H H nter ce . 00

oven walls) is theoretically possible [15]. (@) Collected into trap a3 % 10° 56% of (3)

We have made spectroscopic measurements?tr
using our apparatus. In the thermal vapor, we measuretbeduced from flux entering cell and trap efficiency.
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